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Abstract
Gold nanoparticles have wide range of applications in the field of sensing, imaging, cancer
therapy, and other biomedical applications. It is desired to have monodisperse and
atomically precise gold nanoparticles to have better control and effective utilization of that
nanoparticle. The nanoparticles that are less than 2 nm in size with precise number of atoms
and ligands (± 0 atoms) which exhibit unique physical, chemical and optoelectronic
properties are called as gold nanomolecules. This thesis presents the synthetic methodology
and isolation of various monodisperse atomically precise nanomolecules and their
characterization.
UV-vis spectroscopy, Electrospray Ionization Mass Spectrometry (ESI-MS), Matrix
Assisted Laser Desorption Ionization Mass Spectrometry (MALDI-MS), Differential Pulse
Voltammetry (DPV), and Single Crystal - X-ray diffraction (SC-XRD) are the commonly
used characterization techniques for the analysis of nanomolecules. In this work, UV-vis
spectroscopy, ESI-MS and MALDI-MS are the ones extensively used for the
characterization.
Thermochemical treatment of nanomolecules is a well-known technique for narrowing
down the size distribution of a polydisperse crude mixture to obtain the most stable species.
Au133(SPh-tBu)52 an ultra-stable nanomolecule was synthesized using the thermochemical
treatment technique via core size conversion. The atomic structure of Au133(SPh-tBu)52 is
found using SC-XRD. Theoretical analysis on the stability of Au133(SPh-tBu)52 over
Au133(SPh)52 was also performed and concluded that the type of ligand plays a vital role in
the formation of nanomolecules of specific sizes.
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Au36(SPh-X)24 is one of the widely studied small aromatic thiolate protected
nanomolecules, however, there is a need for a straight forward and reproducible synthetic
procedure. Hence, a large-scale synthetic protocol for the synthesis of monodisperse Au36
nanomolecule with a yield of ~42% (Au mole basis) was designed and time-consuming
separation techniques such as size exclusion chromatography has been eliminated.
Alloying of gold thiolate nanomolecules is an excellent way of tuning the unique properties
of the monometallic counterparts. Au36-xAgx(SPh-tBu)24 was synthesized and characterized
using UV-vis spectroscopy, ESI-MS and MALDI-MS spectrometry. Theoretical analysis
was performed to predict the preferable sites of incorporation of silver atoms into the
atomic structure of Au36(SPh-tBu)24 and it is concluded that the outer core sites are the
kinetically favored sites for incorporation.
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Chapter 1
Introduction to Gold and Alloy Nanoparticles

1

1.1. Nanoparticles and the origin of nanotechnology
Nanoparticles are the material that has the size in the order of 100 nm or less in at least one
dimension. Nanotechnology is where such materials are employed for the betterment of
human life. Biotechnology, biomedical sciences, material science, engineering, and
pharmacy are some of the sectors that involve the use of nano-scale materials.1 The use of
nanotechnology has been prevailed in existence among the Mesopotamian people since 9th
century and they have used nanoparticles for decorative purposes, e.g. the luminous effect
on pots.2 Later in 1857, Michael Faraday discovered the gold nanoparticle and laid
foundation for modern nanotechnology.3 Since then many scientists have discovered
various kinds of metal and metal oxide based nanoparticles for diverse application
purposes. In 1897, Zsigmondy invented a new method called seed mediated method, which
is still in use in the modern day for the synthesis of nanoparticles. He also invented an ultrasmall microscope for the characterization of the structure, shape and size of the
nanoparticles2. Later, G. Mie tried to find out the reason why different gold colloids have
distinct colors. He theoretically explained the phenomena, that it could be due to the
scattering and absorption of light by small particles.4
Gold nanoparticles are being used on in various fields of science preferably because of
their unique optical and physical properties.1 In recent years, there have been advances in
the biomedical field, especially in the cancer therapeutics, biosensors and targeted drug
delivery, with utilization of better biocompatibility, stability, optical and physical
properties of gold nanoparticles.5-6 Gold nanoparticles are being used depending on their
shape, size and physical properties. Some of the common shapes are gold nanospheres,
nanorods, nanoshells, and nanocages.2
2

1.2. Self-Assembled Monolayers (SAMs) of gold thiolate nanoparticles
The free surface of the metal tends to adsorb organic materials to achieve lower free energy
between the metal and ambient environment interface. This greatly influences the physical
properties and stabilities of the nanostructure. The adsorbates or the organic material acts
as an electrical insulating film and a barrier against aggregation and reactivity of the surface
atoms. These organic materials assembled/adsorbed onto the surface of the metal (or
crystalline structures) in a regular array is called self-assembled monolayers (SAMs).7 The

Figure 1.1: Schematic diagram of a self-assembled monolayer (SAM) of alkanethiolate
ligand with gold interface.7
headgroup of the organic materials (ligands) that form the SAMs should have a specific
affinity with the metal in order to form the bond and there are number of headgroups that
have been found to have special affinity with specific metals.7 Among the SAMs that has
been heavily studied, alkanethiols adsorb on gold8-9, silver, palladium10, and, copper9
easily. In general thiols have higher affinity towards the noble and coinage metals and form
stable nanostructures.9
Figure 1.1 shows the components of a SAM, the head group (usually Sulfur) of the ligand
is adsorbed on to the metal surface, the spacer (usually 1-3 nm) is the alkane chain (in
3

alkane thiolates) is the part that follows the head group and the alkane chain usually ends
with a terminal functional group. The terminal functional group plays a key role in the size,
shape, stability, and surface properties of the nanostructure (the effect of terminal group on
the size and stability of nanoparticles formed is discussed in detail in Chapter 3). SAM
structures are widely studied and it plays a vital role in nanoscience for the following
reasons: (1) it’s easy to prepare, does not require any special instruments. (2) it determines
the electronic and optical properties of the nanoparticles, and (3) important for stabilizing
the nanostructure, sterically and electronically.7

1.3. Alloying of nanoparticles
Heterometallic nanoparticles are of great interest in the field of material science because
of the enhancement of the properties of the monometallic nanoparticles that could be
extended by mixing elements in the nanoparticle system.11 Enhancement of the chemical
and physical properties of alloy nanoparticles can be achieved by tuning the composition,
atomic structure and size of the clusters.11 Also, alloy nanoparticles exhibit special stability
at specific compositions and even specific sizes. Surface and structural properties of
bimetallic nanoalloys can be quite different from their pure elemental nanoparticles of the
same size. This additional or special characteristics make them useful for catalysis.12
Catalysis is the process of making a chemical reaction to occur faster with the use of
catalyst, which reduces the activation energy of the reaction.
Bimetallic (AnBm) nanoparticles can be generated with specific composition and size
compared to bulky nanoalloys. The degree of A-B segregation or mixing depends on the
method of synthesis of nanoalloys and the characteristics of metals employed.11 Following
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are the factors influencing the segregation, mixing or ordering of alloy nanoparticles. (1)
The relative strengths of A-B, A-A, B-B bonds. Therefore, if A-B bond strength is greater
than A-A and B-B, then mixing is favored and nanoalloys can be formed, otherwise
segregation occurs. (2) The surface energies of elemental A and B, the element with lower
surface energy is more likely to be segregated at the surface. (3) Relative atomic sizes of
the element. The elements with similar atomic sizes tend to form stable alloy nanoparticles
e.g. Au and Ag. The smaller element tends to occupy the sterically confined space in the
core. (4) Relative charge transfer and electron transfer from less to more electronegative
element favors mixing. (5) Strength of binding to the surface ligands. The elements that
favors binding to the surfactants / ligands tend to stay at the surface instead of core.11
Advances and fine tuning of nanoalloy particle properties can be controlled by fine doping
of metals, which will open wide range of applications of nanoalloys. The scope of its
applications can be further expanded by producing tri/multi metallic nanoparticles in the
near future.11 Advancements in the experimental and theoretical techniques of
characterization of alloy nanoparticle will help in detailed study of the effect of cluster size
and composition on its properties such as physical, chemical, optical, electronic, magnetic
and structural properties.

1.3.1. Alloying of gold nanoparticles with silver
Gold nanoparticles are very stable compared with silver nanoparticles, therefore alloying
silver nanoparticles with gold makes them more stable. However, alloying gold
nanoparticles with silver makes the gold nanoparticles less stable. Hence, there is a limit
for the number of silver atoms that can be incorporated into the core of the gold
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nanoparticle without making them unstable. Silver nanoparticles have special optical and
electronic properties, therefore, incorporation of silver into gold nanoparticle at a specific
composition would enhance the reactivity and electronic properties of gold nanoparticles.
In general, smaller gold nanoparticles exhibits molecular like distinctive optical features.
Therefore, compared to larger gold nanoparticles, smaller gold nanoparticles will show
significant changes in the optical properties upon the incorporation of silver atoms into the
core. Our group has previously studied the effects of incorporation of silver atoms into
some of the well-known ultra-stable atomically precise gold nanoparticles such as
Au25(SCH2CH2Ph)18 (ref 13), Au38(SCH2CH2Ph)24 (ref 14), and Au144(SCH2CH2Ph)60 (ref
15). These studies have given insights into the synthetic protocol employed for the
successful incorporation of heteroatoms, stability limitations, favorable sites of
incorporation of the heteroatoms in different atomic structures and compositional ratios of
incorporation. Synthesis of Au-Ag nanoalloys are relatively straight forward, the standard
one phase or two phase reaction protocols are used (discussed in detail in chapter 2).16-17
However, in the first step of synthetic protocol, AgNO3 salt is mixed with HAuCl4.3H2O
salt at a specific ratio. Increasing the ratio of HAuCl4:AgNO3 beyond certain limit will
result in unstable nanoalloys and it depends on the size of gold nanoparticle of choice for
the incorporation. For example, Au36(SPh-tBu)24, which has an aromatic ligand type, can
be incorporated with a maximum of 4 silver atoms on average and from experimental
results it has been found that high compositional ratios will result in unstable product
(discussed in detail in chapter 5). However, in the case of Au144(SCH2CH2Ph)60 it is
possible to incorporate up to 53 silver atoms before the nanomolecules become unstable.15
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Therefore, the maximum number of silver atoms that can be incorporated depends various
factors such as size, stability, and atomic structure of the nanoparticles.

1.4. Applications of gold nanoparticles
Gold nanoparticles are a widely-used candidate in bio nanotechnology because of their
unique optical properties, tunable surface functionalities, biocompatibility and low
toxicity18-19. Surface plasmon resonance (SPR) is one of its very important features that is
exhibited by larger nanoparticles (>2 nm).20 In general, it could be identified by the
absorption peak between 500-550 nm, this occurs due to the resonant excitation of the
conduction electrons by the incident photons and will result in an absorption band that
arises from collective oscillation of conductive electrons known as surface plasmon band.21
The overlap of the emission spectrum of the fluorophores and the SPR of gold
nanoparticles is used for quenching fluorescence.22
Gold nanoparticles have been studied for many years as it is a good candidate for cancer
therapeutics and diagnostic agents. However, there are certain limitations such as bio
distribution and possible toxicity and requires further in-depth study. Gold nanoparticles
are used to deliver therapeutics into the tumor cells through passive or active targeting
mechanisms. Passive targeting is done by accumulating gold nanoparticles in the tumor by
enhanced permeability and retention effect. Active targeting is done by the functionalized
surface ligand, specifically and selectively designed for the target analyte. 23 In addition,
Photothermal therapy, genetic regulation and drug delivery are some of the fields which
has employed the use gold nanoparticles for effective targeting and delivery strategies.
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Imaging is another important application of gold nanoparticle; due to its excellent optical
and electronic properties, it is used in cell imaging and various other techniques. Computed
tomography, Raman spectroscopy, optical coherence tomography and dark-field light
scattering are some of the examples of techniques that uses gold nanoparticle for imaging
purposes.22
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Chapter 2
Synthesis Separation and Characterization of Gold Nanomolecules

9

2.1. Synthesis of gold nanomolecules
In 1857, Faraday prepared colloidal ruby colored gold nanoparticles using two phase
system. Thereafter, in 1994 Brust has described a revolutionary one step method for the
synthesis of gold nanoparticles, commonly known as Brust-Schiffrin method.16 This thiol
assisted gold nanoparticle synthesis in a two-phase liquid-liquid system laid a great
foundation for further exploration into the field and is still widely used in modern days for
the synthesis of gold nanomolecules. In short, HAuCl4.3H2O is dissolved in water and
TOABr is dissolved in Toluene, both solutions are stirred together for about 30 minutes
until phase transfer occurs. Then, the aqueous layer is separated from the toluene layer and
the calculated amount of thiol is added to the toluene (organic) layer. The toluene layer is
let to stir for another 1 hour. NaBH4 (the reducing agent) dissolved in ice-cold water is
added into the reaction mixture and then the reaction is stopped after another 1 hour. The
crude mixture is dried thoroughly using rotary evaporation and washed with methanol 3-4
times to remove excess thiol and NaBH4.
The crude mixture synthesized using the two-phase or one-phase thiol assisted synthesis
are usually polydisperse. Therefore, the crude product will contain nanoparticles of various
sizes, which in turn makes it inappropriate for application purposes. It is essential to have
a monodisperse and in some cases atomically precise nanoparticles for further exploration
of their application in the biomedical field. In 1999 Whetten’s group introduced a method
to narrow down the size dispersity of such polydisperse crude mixture, known as
thermochemical treatment (commonly known as etching).24 Over the past decade, many
atomically monodisperse gold-thiolate nanoparticles has been produced following the
method of thermochemical treatment, such as Au25(SR)18, Au38(SR)24, and Au144(SR)60
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using alkane thiolate groups.25-27 In short, the nanoparticles synthesized in the crude
mixture is etched with the respective thiol group in excess at elevated temperature. This
etching process allows only the nanoparticles that are stable at that elevated temperature to
survive while the metastable ones perish. Therefore, this method can be used to produce
highly stable nanoparticles that are stable even for years under ambient conditions without
any special preservation techniques. This method of narrowing down the size dispersity of
the crude mixture has shed light into the investigation of synthesis of gold thiolate
nanoparticles using thermochemical treatment as a tool.
In later years, thermochemical treatment allowed the researchers to produce the same
nanoparticles (same number of atoms and ligand group) with different types of thiolate
groups. For example, Au25(SR)18 can be produced with phenylethanethiol, hexanethiol, and
selenolatethiol groups. This process of exchanging the thiol group without effecting the
core of nanoparticles is known as ligand exchange.28-29 The ligand exchange process helped
in the study of how the optical, electronic and physical characteristics of a nanoparticle
with a specific core size changes by changing the ligand groups. In recent years, ligand
exchange process is used to produce nanoparticles with different core sizes too. That is if
the nanoparticles of one atomic structure or size is etched with a ligand group that is
different in nature/ atomic structure from that of starting material, the ligand exchange
process takes place up to a certain limit and then rearranges itself to a whole new
thermodynamically stable atomic structure. This process of synthesizing new nanoparticles
through thermochemical treatment is known as core size conversion. For example,
Au25(SCH2CH2Ph)18 converts to Au28(SPh-tBu)20, Au38(SCH2CH2Ph)24 converts to
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Au36(SPh-tBu)24, and Au144(SCH2CH2Ph)60 converts to Au133(SPh-tBu)52 upon subjecting
to thermochemical treatment with a ligand group different from the starting material.30-32
Things to look out for…
1. Gold: Thiol ratio; This affects the size range of the nanoparticles formed in the crude
mixture. Higher gold to thiol ratios will result in smaller nanoparticles (e.g. Au25, Au38, and
Au36), while lower gold to thiol ratio will result in nanoparticles of larger size range (Au144,
and Au329).
2. Choice of solvent; One phase synthesis with THF as the solvent is usually used for the
synthesis of smaller nanoparticles, whereas, the two-phase synthesis with toluene as the
solvent can be used for the synthesis of both larger and smaller nanoparticles.
3. Reaction time; Longer reaction time after the addition of NaBH4 is commonly known as
aging. This is another way of narrowing down the size distribution of the crude mixture
(but takes longer than thermochemical treatment). Therefore, longer reaction time results
in smaller sizes.

2.2. Separation techniques for the isolation of gold nanoparticles
Even though effective synthetic protocols have been discovered over years, the products
obtained from above mentioned procedures are usually a mixture and it is essential to use
a separation technique to produce monodisperse product.
1. Size exclusion chromatography (SEC) – Exploiting the size distribution of nanoparticles:
SEC is a type of column chromatography technique. The separation is achieved based on
the sizes of nanoparticles present in the mixture. Bio Rad SX1 support beads were used as
the stationary phase and THF as the mobile phase. The sample mixture is loaded on the top
12

of the SEC column, the nanoparticle of smaller sizes penetrates through the pores of the
beads, while the larger ones bypasses the beads. Therefore, the larger ones travel faster
than the smaller ones and can be collected at different times from the bottom of the column.
The height of the column needed for the separation of different nanoparticles may vary per
their size distribution. For example, if the nanoparticles size distribution is close to one
another, then a taller column is needed for achieving better separation. The report on the
separation of Au137(SCH2CH2Ph)50 from Au144(SCH2CH2Ph)60 describes in detail how
multiple cycles of SEC is essential for the separation of those two nanoparticles which are
very close in size and to get pure product.33 Even though it is vexatious to separate
nanoparticles that are closer in size through SEC, it is an effective method for the separation
of nanoparticles of different sizes in a single run.
2. Solvent fractionation – Exploiting the selective solubility of nanoparticles:

Figure 2.1: UV-vis spectroscopy showing the method of purification of Au25 through
solvent extraction. The refinement of the absorption peaks at 400, 445, and 675 nm
exhibits the purity of the final product.
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Solvent fractionation/Extraction is an easy way of separation of nanoparticles which have
specific solubility in some solvents while the other nanoparticles don’t. The ligand type of
nanoparticles also play a role in effecting the solubility of nanoparticles in a specific
solvent. Solvent extraction of Au25(SCH2CH2Ph)18 with acetonitrile is a well-known
procedure for the purification of Au25(SCH2CH2Ph)18 nanomolecules (see Figure 2.1).
Therefore, Au25 can be easily separated from other larger nanoparticles such as Au144.
Au36(SPh-tBu)24 can be separated through acetone extraction (will be discussed in chapter
4). Combination of solvents such as methanol/toluene or methanol/THF can also be used
for the separation of desired nanoparticle.
3. Thermochemical treatment – Exploiting the ligand effects.

Figure 2.2: MALDI-MS for the synthesis and purification of Au144(SCH2CH2Ph)60.
Polydisperse crude mixture is shown in red. Blue spectra shows the product obtained upon
thermochemical treatment, which mainly contains Au25 and Au144. Green spectra shows
the final product obtained after SEC purification.
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As mentioned above thermochemical treatment is used to narrow down the size distribution
of the crude mixture. Figure 2.2 shows the synthesis of Au144(SCH2CH2Ph)60 via
thermochemical treatment, where the meta-stable clusters present in the polydisperse crude
mixture decompose and only stable nanomolecules such as Au25 and Au144 survive in the
etched product. Au25 and Au144 can be separated easily by one of the separation techniques
mentioned above (SEC or solvent extraction). In some cases, it is possible to end up in a
highly stable monodisperse product after thermochemical treatment, which doesn’t require
any further separation. For example, prolonged etching of one phase crude mixture with
phenylethanethiol as the thiol and THF as the solvent will end up in Au38(SCh2CH2Ph)24
as the major product. Core size conversion is another method of producing nanoparticles
of different core sizes by switching the ligand groups, however this method usually requires
a monodisperse starting material. This method offers an added advantage of obtaining
highly pure end product. Thermochemical treatment of Au144(SCH2CH2Ph)60 with
thiophenol and tert-butylbenzenethiol will result in Au99(SPh)42 and Au133(SPh-tBu)52 (ref
31, 34). Another way of using thermochemical treatment for the elimination of SEC is by
using 2 ligand groups that can support only one common core size but not the other sizes.
For example, if the one phase crude mixture synthesized using THF as the solvent and
phenylethanethiol as the thiol, which contains Au67 and Au102-103 as the major products is
etched with tert-butylbenzenethiol, it will result in Au36(SPh-tBu)24 as the major product
with other larger species. However, the ligand group thiophenol supports a different series
of core sizes having Au36 as the only common size between tert-butylbenzenethiol and
thiophenol. Therefore, if the etched product obtained from the first thermochemical
treatment is again etched with thiophenol, the final product will contain only Au36(SPh)24

15

while the other larger species decompose. This procedure is presented with experimental
results in Chapter 4. Thus, exploiting the ligand effects is an effective way of producing
nanomolecules of different core sizes as well as a monodisperse product.

2.3. Characterization of gold nanoparticles
Exhibiting special optical properties is one of the main admiring characteristic of gold
nanoparticles. Therefore, there are various instrumentation techniques for analyzing its
optical and electronic behaviors. For example, UV-vis spectroscopy, dynamic light
scattering, and differential pulse voltammetry. These optical characterization tools provide
higher degree of details about the surface conjugation and surface plasmon resonance
features, however, do not provide any certain conclusion on the exact size or structure of
the particles. It is possible to guess the size in terms of whether greater than or less than
2nm with the optical features obtained from UV-vis spectroscopy but not the exact
size/mass. Characterization tools such as TEM and SEM help in the determination of the
size range and shape of the nanoparticles, but consumes substantial effort for sample
preparation and again does not provide any information on the exact mass or composition
of nanoparticles. As a resort for this, ESI and MALDI-MS are the spectrometric techniques
which can be used for the in-depth characterization of the exact mass, composition and
purity of nanoparticles. However, it gets problematic when the size of nanoparticle
increases (> 3 nm) and it is not always possible to determine the exact composition of larger
nanoparticles using ESI or MALDI-MS. Also, both ESI and MALDI-MS do not provide
any structural information about nanoparticles. Nowadays, Single crystal X-ray diffraction
method is used for the determination of the crystal structure of nanoparticles. Therefore,
various types of characterization techniques are required for the basic to in-depth analysis
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of a nanoparticle in order to understand it’s properties thoroughly and to make use of it in
various applications.
The following sections describe in detail about the characterization tools that are
commonly used in our lab; UV-vis spectroscopy, ESI-MS, and MALDI-MS.

2.3.1. UV-vis spectroscopy
UV-vis spectroscopy is an instrumental method of quantifying the amount of light absorbed
or scattered by a sample, when the light is passed through it. It is commonly represented
as the absorption or transmittance vs the wavelength. Every time before obtaining the
spectrum for a specific sample, a blank- the cuvette is filled with only the medium/solvent
in which the sample is dispersed- is run to get the correction for the background.
Optical features of a nanoparticle provide some important insights such as the size, shape,
band gap and concentration of nanoparticles. Nanoparticles made of different types of
metals and ligands possess unique optical features and it is interesting to look into the
effects of ligand nature, atomic structure, and alloying on optical properties of
nanoparticles.
As a general trend in gold nanoparticles, the smaller nanoparticles show unique optical
features and when the size of the nanoparticle increases the optical features diminishes and
eventually end up in the SPR absorption at 520 nm.25, 35 This is due the presence of larger
HOMO-LUMO gap in smaller nanoparticles and when the size increases the HOMOLUMO gap starts to narrow down and eventually gets a continuous electronic state.
Therefore, the absorption features obtained from UV-vis spectroscopy provides valuable
information on the size of nanoparticles.
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2.3.2. ESI-MS and MALDI-MS
Mass spectrometry is a method of analyzing the composition or molecular weight of the
sample tested. A typical mass spectrum data is plotted as an ion intensity vs the mass/charge
ratio spectra. In the field of nanotechnology, it can be used to follow the reaction process,
identify reaction mechanism, intermediates, composition determination, determination of
charge states and preferred charge states of a nanoparticle if there are any.
Matrix assisted laser desorption ionization mass spectrometry (MALDI-MS) and electro
spray ionization mass spectrometry (ESI-MS) are the mass spectrometric tools that are
heavily used for the characterization of nanoparticles in recent years.
1. MALDI-MS

Figure 2.3: MALDI-TOF-MS spectra of (Applied Biosystems Voyager-DE Pro)
Au25(SCH2CH2Ph)18 in UMM, HABA, SA, and DCTB matrix showing the superiority of
DCTB matrix in obtaining molecular ion over fragment ions. Reprinted with permission
from reference [36]. Copyright 2008 American Chemical Society.
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As mentioned above in the synthesis section of this chapter, Whetten’s group used mass
spectrometric analysis to explain the role of thermochemical treatment on narrowing down
the size distribution of nanoparticle.24 MALDI-MS provides valuable information on the
size distribution of nanoparticles in a sample mixture. Also, from the area under the peaks
it is possible to qualitatively determine the amount of each species present in the sample.
Even though, MALDI-MS data is presented as ion abundance against m/z ratio, only +1
charge state is commonly observed. +2 charge state and dimers are observed in some rare
cases. Fragmentation of peaks is another important feature observed in MALDI-MS data.
This is unavoidable in most of the cases, unless the laser intensity is lowered to threshold
level. The choice of right matrix also plays an important role in minimizing the
fragmentation and background noise. In 2008, Dass et al. have done a comprehensive study
on various types of matrices such as sinapinic acid (SA), 4′-hydroxyazobenzene-2carboxylic acid (HABA), universal MALDI Matrix and trans-2-[3-(4-tert-butylphenyl)-2methyl-2-propenylidene] malononitrile (DCTB), for doing MALDI-MS for gold
nanoparticles (see Figure 2.3).36 In that study, they have concluded that it is possible to get
the intact molecular ion peak of Au25(SCH2CH2Ph)18 without any fragmentation using
DCTB as the matrix (See Figure 2.4). Since then DCTB matrix with toluene/THF as
solvent is being used for MALDI-MS analysis of gold thiolate nanoparticles till date. In
general, DCTB matrix in toluene is mixed with nanoparticles dissolved in toluene
(approximately DCTB: GNP = 1000:1) and then spotted on a MALDI plate and then
allowed to co-crystalize on the plate before recording the data with Bruker AutoFlex 1.
DCTB matrix can be used to record mass spectrometry of gold thiolate nanoparticles up to
the mass range of 300kDa.
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Figure 2.4: MALDI-MS spectra showing the fragmentation of Au25(SCH2CH2Ph)18 in
DCTB matrix at three different laser intensities. Au21(SCH2CH2Ph)14 is the fragment
emerging from the Au4L4 loss from the parent peak, which is commonly observed in gold
thiolate nanomolecules.
For smaller size nanoparticles (e.g. Au25(SCH2CH2Ph)18, Au38(SCH2CH2Ph)24), it is
possible to get the intact molecular peak without any fragmentation using DCTB matrix
(see Figure 2.4), however, when particle size increases (e.g. Au144(SCH2CH2Ph or
Au133(SPh-tBu)52) fragmentation becomes unavoidable and broadening of peaks will result
due to high mass and high laser induced fragmentation. Therefore, even though, MALDIMS is a great tool for analyzing the size distribution of a sample mixture of nanoparticles
and to analyze the purity of the sample tested, the resolution limit becomes an issue when
the nanoparticle size increases. As a remedy for this issue and to eliminate the laser induced
fragmentation, ESI-MS, a soft ionization technique is being used to determine the intact
molecular weight of nanoparticles.

20

2. ESI-MS
ESI-MS is an incredible tool for determining the inherent charge states, and intact
molecular weights of nanoparticles. Also, ESI-MS can be effectively used for following
the progress of reactions-such as ligand exchange and core conversion-and determining the
mechanism and stable intermediates of a reaction process. ESI-MS often produces peaks
corresponding to multiple charge states of a nanoparticle, which allows us to analyze the
atomic composition of larger nanoparticles and improves sensitivity. Multiple charge states
obtained in ESI-MS can be easily analyzed by deconvoluting the peaks of higher charge
states to their +1 charge state or by using the isotopic pattern of the nanoparticle of specific
charge state. In the cases of ligand exchange or alloying of nanoparticles, the progress of
the reaction or the extent of incorporation of the hetero metal atoms can be studied by
simply calculating the mass difference between the peaks and corresponding them to the
difference in ligand masses or difference in hetero atom masses respectively13, 31, 37, while
keeping possible charge states in consideration.
Another important modified technique used in the manipulation of the use of ESI-MS is
the introduction of adducts into the solution of sample before injecting into the system.
This is usually done by mixing CsOAc solution (5-10 µL for ~ 150 µL sample solution)
with the sample solution before injecting into the system. Cs adducts helps in producing
multiple charge states in the mass spectrum – especially, when the nanoparticle of interest
in neutrally charged – hence, makes the analysis and determination of exact composition
of nanoparticles easily. The method of addition of Cs adducts can also be used for the study
of preferred charge state exhibited by a nanoparticle. For example, it is determined that the
preferred charge state of Au133(SPh-tBu)52 is +1 through the method of addition of Cs
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adducts to the nanoparticles38 (Discussed in detail in chapter 3). In some cases, multiple
charge state peaks of nanoparticles with adducts will be formed in the mass spectrum
without any intentional addition of Cs+1 ions, this could be possibly due to any precursor
materials carried over the synthetic procedure and this should not be confused as a different
nanoparticle present in the sample. For example, Au25(SCH2CH2Ph)18 usually shows up as
a singly charged negative ion in the negative mode of ESI-MS, however, it can also appear
in the positive mode as [Au25(SCH2CH2Ph)18)·2(N(C8H17)4)]+ (ref 39). Introduction of
(N(C8H17)4)+ is due to the addition of (N(C8H17)4)Br during the synthesis of
Au25(SCH2CH2Ph)18 nanoparticle. Hence, ESI-MS is a great tool for determining the
molecular weight of a nanoparticle through the charge states produced in the spectrum.
However, when analyzing the purity of the sample that being checked, MALDI-MS and
UV-vis spectroscopy are more reliable than ESI-MS. ESI-MS is a soft ionization technique
that provides qualitative information, therefore, the higher intense peak in the spectra could
correspond to the one that can be ionized easily, regardless of the amount of species
actually present in the sample mixture.
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Chapter 3
Au133(SPh-tBu)52 – Experimental, Optical, Electrochemical, Theoretical
Analysis, and X-Ray Crystallography.

Part of the text and figures in this chapter are extracted from the following publications:
Nimmala, P. R.; Theivendran, S.; Barcaro, G.; Sementa, L.; Kumara, C.; Jupally, V. R.;
Apra, E.; Stener, M.; Fortunelli, A.; Dass, A. J. Phys. Chem. Lett. 2015, 6, 2134-2139
Dass, A.; Theivendran, S.; Nimmala, P. R.; Kumara, C.; Jupally, V. R.; Fortunelli, A.;
Sementa, L.; Barcaro, G.; Zuo, X.; Noll, B. C J. Am. Chem. Soc 2015, 137, 4610-4613.
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3.1. Abstract
Core size conversion through thermochemical treatment process is one of the widely-used
techniques for the synthesis of nanomolecules of sizes that are different from that of the
starting material. Au28 from Au25, Au36 from Au38, Au99 from Au144 are some of the
examples of nanomolecules that have been discovered in recent years through core size
conversion. As mentioned in previous chapters, this is achieved by performing
thermochemical treatment with a ligand that is different from the starting material. Upon
harsh thermochemical treatment the ligand exchange process starts to occur and at a certain
point the core of the starting material rearranges itself to a more stable structure with the
new upcoming ligand group. Au144(SCH2CH2Ph)60 is one of the well-studied highly stable
nanomolecules. This ultra-stable nanomolecule is core-size converted to a new core of
Au133(SPh-tBu)52 upon etching with tert-butylbenzene thiol. From high resolution
electrospray ionization studies, it has been identified that the 22nd ligand exchanged is
relatively stable compared to other exchanges and suggesting a relatively high stable
Au144(SCH2CH2Ph)38(SPh-tBu)22 intermediate. It is interesting to consider the effects of
ligand group on the formation of the new stable core sizes from the same starting material.
When Au144 is etched with thiophenol it leads to the formation of Au99, however it is
different in the case of tert-butylbenzenethiol. Even though, both the ligand groups belong
to the same aromatic thiolate group, the bulkiness of the ligand also seems to affect the
size/structure of the new core formed. These differences are studied in detail and presented
in later sections. Optical and electrochemical studies have also been performed for the
newly found nanomolecule and compared with Au144 nanomolecules. The total structure
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of Au133 is determined by single crystal X-ray diffraction. In short, the structure of Au133
can be described as geometric shell closings with 1 + 12 + 42 + 52 atoms.
Author Contributions:
Theivendran.S

synthesized

and

performed

mass

spectrometric

and

UV-vis

characterization. Dr. Dass and Dr. Kumara performed the crystal screening and analysis.
Dr. Nimmala and Dr. Jupally performed the electrochemistry, X-ray scattering and pair
distribution function analysis. Dr. Fortunelli and group performed the theoretical analysis.
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3.2. Introduction
Gold thiolate nanomolecules when reacted with excess thiol at elevated temperature
(known as etching or thermochemical treatment) undergoes either complete ligand
exchange without any modification to the core size of the starting material or core size
conversion depending on the nature of ligand used. Ligand exchange process occurs when
the nanomolecule is etched with a thiolate ligand group that is similar in nature to which it
is originally composed. For instance, thermochemical treatment of Au144(SCH2CH2Ph)60
with hexane thiol and dodecane thiol will lead to the formation of Au144(SC6H13)60 and
Au144(SC12H25)60, because both the ligands belong to the aliphatic group, same as
phenylethanethiol. However, when Au144(SCH2CH2Ph)60 is reacted with excess
thiophenol, which belong to the aromatic ligand group, forms Au99(SPh)42.35 Even though,
tertbutyl benzenethiol also belongs to the group of aromatic thiolates (same as thiophenol),
a tert butyl substituent added in the para position to thiophenol produces a different result
when etched with Au144(SCH2CH2Ph)60. We reported the experimental and theoretical
analysis for the synthesis of Au133(SPh-tBu)52 through core size conversion of
Au144(SCH2CH2Ph)60 upon etching with excess tert-butylbenzene thiol. Theoretical
analysis on comparing the stability of Au133 core with thiophenol vs tert-butylbenzene thiol
further explains the significance of the tert-butyl group which makes the ligand bulky and
sterically hindered helps in making the Au133 core very stable with tert-butylbenzene thiol
ligand.
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3.3. Synthesis of Au133(SPh-tbu)52 through core size conversion
Au133(SPh-tBu)52 could be synthesized by core size conversion starting from pure
Au144(SCH2CH2Ph)60 as discussed above. Detailed description of the synthesis of Au133 via
core size conversion is given below.
Firstly, Au144 crude mixture is prepared by two phase Brust-Schiffrin synthesis protocol
and then etched for overnight to decompose the meta-stable clusters present in the crude
mixture. Au144 is then isolated using SEC. Secondly, the purified Au144 is treated with tertbutylbenzene thiol at elevated temperature for 4 hours. The resultant product would be pure
Au133.
Step 1:
HAuCl4.3H2O is dissolved in deionized water (10 mL for 0.1 g of HAuCl4). TOABr
(Au:TOABr = 1:1 by mole) is dissolved in Toluene (10 mL for 0.1 g of HAuCl4). The two
solutions were mixed together in a round bottom flask and stirred for 30 mins at 450 rpm.
The organic layer will look reddish orange in color due to the transfer of HAuCl 4 from
water layer to toluene layer and simultaneously the water layer changes from yellow to
colorless. Stirring is stopped when the water layer becomes completely colorless. The
organic layer is separated from the water layer, which could be simply done by pipetting
out the aqueous bottom layer from the RBF. Phenylethanethiol is added to the organic
layer (Au:Thiol = 1:4 by mole) and stirred for another 1 hour. The solution will turn from
reddish orange to white milky turbid in nature. This indicates the formation of Au-SR
polymer. Thereafter, NaBH4 (Au: NaBH4 = 1: 10) dissolved ice-cold deionized water (4
mL for 0.1 g of HAuCl4) is quickly added into the mixture and stirred for another 3 hours.
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The reaction mixture will instantly change into dark brown color upon the addition of
NaBH4 indicating the formation of nanoparticles. Stirring is stopped after 3 hours, dried
using rotary evaporation and washed with methanol 3-5 times to remove excess thiol,
NaBH4 and other byproducts in the crude mixture. The crude mixture is then etched with
Phenylethanethiol (for 200 mg if crude product 2 mL of thiol is used) for nearly 12 hours
at 80⁰C. The etched product will contain Au144 as the major product and it is purified using
size exclusion chromatography.
Step 2:
Purified Au144 is then again etched with 4-tert-butylbenzene thiol for about 4 hours at 80⁰C.
The final product obtained will be pure Au133(SPh-tBu)52.

3.4. Method for Crystallization of Au133(SPh-tBu)52
Au133(SPh-tBu)52 is crystallized using the vapor diffusion method. 500 µL of DCM is used
as the solvent for 1mg of sample and ethanol is used as anti-solvent. The crystal set ups are
placed in a dark, noise free, vibration free place for effective nucleation to occur. Crystals
are formed after 3-5 days and the crystal structure data was collected using Bruker APEX
II diffractometer and then the crystal structure is solved using Olex 2 program.
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3.5 Detailed description of the reaction progress.

Figure 3.1: Core size conversion of Au144(SCH2CH2Ph)60 to Au133(SPh-tBu)52: (a)
Electrospray ionization mass spectra of the monodisperse Au144(SCH2CH2Ph)60 starting
material (top blue spectrum) transforming to Au133(SPh-tBu)52 (bottom red spectrum) upon
treatment with HSPh-tBu at 80 °C. (b) Au144 to Au133 core size conversion studied by ESI
mass spectrometry. Au144(SCH2CH2Ph)60 undergoes up to 22 ligand exchanges. The
intermediates correspond to Au144(SCH2CH2Ph)60−x(SPh-tBu)x where x = 1 to 22. Note the
higher stability corresponding to x = 22, based on higher signal intensity. After 22
exchanges, there appears to be a core size conversion to Au133(SPh-tBu)52. In contrast,
thiophenol (HSPh) reacts with Au144(SCH2CH2Ph)60 to form Au99(SPh)42, with a maximum

of 13 exchanges in Au144(SCH2CH2Ph)60−x(SPh)x. Reprinted with permission from
reference [31]. Copyright 2015 American Chemical Society.
In Figure 3.1 (a), the blue spectra shows the electrospray ionization (ESI) mass spectra
(MS) of the starting material, Au144(SCH2CH2Ph)60 with a molecular weight of 36 597 Da.
The multiply charged +2 and +3 ions at 18 291 and 12 194 m/z respectively. The final
product is shown in the red spectrum, which contains two peaks at slightly lower mass than
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Au144 species. These two peaks at 11 594 and 17 391 m/z correspond to the +3 and +2 ions
of Au133(SPh-tBu)52, respectively. The theoretical values for the +3 and +2 ions are 11 597
and 17 396, respectively. Because the starting material, Au144(SCH2CH2Ph)60 is clean
without any other core-size nanoparticles, it is clear that the 144-atom core size has
transformed into the 133-atom nanomolecule due to the effect of the −SPh-tBu groups. The
final product is clean without any other core sizes (see Figure A 2 for MALDI-MS spectra
at high laser fluence) and the yield of the product is >90% (Au atom basis). Figure 3.1 (b)
shows the ESI-MS study of the ligand exchange induced core size conversion from Au144
to Au133. The ligand exchange reaction process has been monitored using ESI-MS in order
to analyze the formation of Au133(SPh-tBu)52 from Au144(SCH2CH2Ph)60. The molecular
weight of phenylethanethiol and tert-butylbenzenethiol are 137.2 and 165.2 Da,
respectively, which gives a mass difference of 28 Da. From the ESI-MS spectra shown in
Figure 3.1 (b), the peak at 12194 m/z corresponds to +3 charge state of the starting material.
In 30 min sample, an envelope of peaks was observed corresponding to the
Au144(SCH2CH2Ph)60−x(SPh-tBu)x, where x max is ∼7 tert-butylbenzenethiolates. The
exchanges continue to occur with Au144(SCH2CH2Ph)60 until 180 min. Thereafter, a peak
seems to appear at 11 594 Da, which corresponds to +3 of Au 133(SPh-tBu)52.
Simultaneously, the set of peaks corresponding to the ligand exchange have reached
Au144(SCH2CH2Ph)60−x (SPh-tBu)x, where x is ∼22 tertbutylbenzenethiolates. The
exchange with 22 ligands seems to be higher in stability based on the relatively greater
intensity of the peak in ESI-MS compared to other peaks and could be due to exchange at
specific sites. The 270 minutes sample shows the peak that has completely core converted
to Au133(SPh-tBu)52. Note that there is an additional peak at a slightly lower mass
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corresponding to Au132(SPh-tBu)52. Moreover, another envelope of peaks corresponding to
ligand exchange with Au137(SCH2CH2Ph)60 were also observed in 30 and 60 min samples.
This could be due to the residual Au137(SCH2CH2Ph)56 present in the starting material.
However, it is important to make a note that the exchange of ligands with Au137 is much
faster than that of Au144. Also, the sharp peaks at 11 968 and 11 805 correspond to
Au137(SPh-tBu)44(SCH2CH2Ph)12 and Au137(SPh-tBu)27(SCH2CH2Ph)29, respectively.
Higher intensity of these peaks indicates the relatively greater stability of these
intermediates. Three other peaks were also observed as the intermediates of size
conversion. They are the peaks at 12 033, 12 086, and 12 153 m/z units, corresponding to
+3 of Au137(SPh-tBu)51(SCH2CH2Ph)5, Au138(SPh-tBu)50(SCH2CH2Ph)6, and Au139(SPhtBu)50(SCH2CH2Ph)6, respectively.
3.6. Optical and electrochemical analysis of Au133 vs Au144
The optical and electrochemical properties of the starting material, Au144(SCH2CH2Ph)60
and the end product, Au133(SPh-tBu)52 are directly compared. The blue curve in Figure 3.2
(a) is for the starting material Au144(SCH2CH2Ph)60. It has minor features at 510 and 700
nm as reported previously. The end product Au133(SPh-tBu)52, shown in red curve, exhibits
no distinctly observable peaks but some minor peaks at 510 and 430 nm. The peak at 510
nm is not to be confused with the SPR peak at 530 nm because there are no larger clusters
in the starting material (the absence of SPR in the starting material indicates that no higher
clusters >Au144 were present). The electrochemical behavior of Au133(SPh-tBu)52 is also
uniquely different than Au144(SCH2CH2Ph)60 measured under identical conditions shown
in Figure 3.2 (b). Seventeen redox waves were observed in the voltammogram of
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Figure 3.2: (a) UV−vis absorption spectrum of Au133(SPh-tBu)52 nanomolecules in toluene
(red curve) in comparison with the starting material Au144(SCH2CH2Ph)60 (blue curve). (b)
Electrochemistry. DPV of Au144(SCH2CH2Ph)60 used as a starting product (in blue),
compared with that of Au133(SCH2Ph-tBu)52, the end product (in red). The DPV were

acquired in anhydrous 1,2-dichloroethane solution with 0.5 mM bis(triphenyl
phosphoranylidene) ammonium tetrakis (pentafluorophenyl) borate [BTPPATBF20] as
supporting electrolyte under nitrogen atmosphere. Reprinted with permission from
reference [31]. Copyright 2015 American Chemical Society.
Au133(SPh-tBu)52. However, the redox behavior was significantly different than the
Au144(SCH2CH2Ph)60, which exhibits three distinct ∼350 mV spacing centered at −1.2,
−0.8, +0.8 V. Though Au133 is smaller than Au144 no electrochemical gap was observed.
This could be attributed to the difference in the structure and ligands of these two
nanomolecules, which could result in the difference in the energy levels. A previous report
on the electrochemical analysis of Au36(SPh)24 has also showed that ligand and structure
have strong influence on the electrochemical and optical properties of gold nanomolecules.
Also, the electrochemical properties of Au133 are different compared to Au130(SR)50, which
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showed an electrochemical gap of 450 mV.64 Indeed, although Au133(SPh-tBu)52 is close
in composition to the Au130(C12H25)50 nanomolecule reported by Negishi et al. (produced
in etching a crude mixture of higher clusters), it is possible that the geometry of these two
clusters is entirely different from each other. This was the case with Au38 and Au36 where
the former had a bi-icosahedral core, whereas the latter had an FCC core. Indirect structural
information can be deduced from the above optical and electrochemical characterization.
Au144(SCH2CH2Ph)60 is regarded as a highly stable cluster from its ability to withstand
harsh thermochemical treatment for about 24 h at 80 °C in the same thiol, which is
protected with (SR = phenylethanethiol, hexanethiol, or dodecanethiol). But when treated
with an aromatic ligand tert-butylbenzenethiol, its core is converted to Au133 in just 2 h at
80 °C (depending on the ratio of nanocluster to incoming ligand). This has been so far
interpreted as due to the aromatic ligands conjugating effect, which enhances the rate of
reaction. Both thiophenol (-HSPh) and tert-butylthiophenol (HSPh-tBu) lead to the
formation of Au36(SPh-X)24, where x = H or tBu. The larger size Au144(SCH2CH2Ph)60 was
core converted to Au99(SPh)42 upon etching with thiophenol. From the results on Au36 and
the conversion of Au144(SCH2CH2Ph)60 to Au99(SPh)42, it would seem reasonable and
logical to expect that a similar conversion occurs with para-tert-butylthiophenol. The
results reported above show that surprisingly, etching Au144(SCH2CH2Ph)60 with HSPhtBu yields Au133(SPh-tBu)52. Theoretical analysis can provide understanding of the extent
that the bulky para-tBu groups can influence the structural conversion of Au144.
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3.7. Theoretical study on the stability of Au133(SPht-Bu)52 compared to
Au133(SPh)52
The theoretical study mainly focuses on comparing the ligand effect on core size
conversion of Au144. Why Au133 core is more stable with HSPh-tBu and it is not observed
with -SPh as the ligand, Au99 forms with thiophenol instead?
When Au67 is subjected to thermochemical treatment with thiophenol and tertbutyl
benzenethiol, both yields the formation of Au36(SPh-X)24, where X can be H or tBu30. The
same trend could be expected in the case of Au144 as well. Surprisingly, Au144 is core
converts to Au99 when etched with thiophenol and core converts to Au133 when etched with
tert-butylbenzenethiol. Theoretical analysis provides detailed understanding regarding the
effect of bulky ligand groups on the core conversion of Au144.
Addition of p-tBu group to thiophenol reduces the structural freedom to a great extent by
reducing the dynamic dispersion of surface bonds in Au133(SPh-tBu)52 compared to
Au133(SPh)52. This has been proven by the AIMD runs at 900K for both the nanomolecules.
From the results obtained from quantitative AIMD runs, its understood that the dynamic
fluctuations are much more pronounced with -SPh as the ligand compared to -SPh-tBu.
This could be due to the increase in bulkiness and mass of the ligand by adding a p-tBu
group and hence affirms that bulky thiolate group plays a role in stabilizing the
nanomolecule. Furthermore, -SPh-tBu acts as a protective layer that prevents other foreign
substances from getting adsorbed on to the surface. Therefore, p-tBu substituents decrease
the cluster fluxional character (also due to the increase in the mass of the thiolate ligands
by addition of the tert-butyl group) and confirms the stabilizing role of such bulky and

34

massive groups, for example, in increasing energy barriers for detachment/addition of
thiolate ligands (kinetic stabilization)

3.8. Determination of Preferred Charge State of Au133(SPh-tBu)52 using ESI

Figure 3.3: Preferred charge state is +1. ESI-MS spectra of the title nanomolecule was
acquired after addition of cesium acetate in positive ionization mode. The bottom green
plot is the mass spectrum of Au133(SPh-tBu)52 without any salt addition. The top red plot
is the mass spectrum of Au133(SPh-tBu)52 with the addition of cesium acetate. The peaks
indicated by asterisk indicates impurities or other species present in both the spectra. The
peak indicated by α could be due to the adduct, [Au133(SPh-tBu)52 • 2Cs+ (CsOAc)1]3+,

which also results in a 1+ charge state. It is well known from literature that ESI-MS
routinely yields multiply charged species as opposed to the predominantly singly charged
ions in MALDI-MS. Reprinted with permission from reference [38]. Copyright 2015
American Chemical Society.
Preferred charge state of Au133 is determined by intentional addition of CsOAc into the
solution of nanoparticles prepared for ESI-MS analysis. Figure 3.3 shows the ESI-MS
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spectra with and without Cs adducts. The bottom green spectra shows the +3 charge state
of Au133(SPh-tBu)52 without any Cs adducts. However, upon the addition of cesium acetate,
Au133 with two Cs adducts with an overall charge of +3 is the major peak, where the
nanomolecule charge state is +1. Nanomolecule with 1 and 3 Cs adducts corresponding to
+2 and 0 charge state of the nanomolecule are also present as minor peaks. This result was
reproduced numerous times and concluded that +1 is the preferred charge state of
Au133(SPh-tBu)52 as indicated by ESI-MS.

3.9. Determination of atomic structure of Au133(SPhtBu)52 using X-ray
crystallography
Even though Au144(SCH2CH2Ph)60 has been known for years, its actual crystal structure is
still unknown. This is due to the difficulties in the formation of crystals, which is being a
barrier for in-depth study of the structure based properties of this nanomolecule.
As mentioned in section 3.7, the bulkiness and steric effect of p-tbu group gives rigidity,
reduces free dynamic movements and prevents contamination by exogenous species. This
in turn helps in improving the crystallinity and purity of the material, which is important
for the formation of crystals.
Crystallization of a nanoparticle requires effort, patience, and time. Important parameters
include solvent, anti-solvent, and the choice of method of crystallization. Over recent years,
vapor diffusion has had a higher success rate in the formation of crystals of gold
nanoparticles. Vapor diffusion technique was employed using dichloromethane as the
solvent and ethanol as the anti-solvent. Numerous trials were performed for the formation
of crystals that are suitable for X-ray crystallography.
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Figure 3.4: X-ray crystallographic structure of the Au133S52 core of Au133(SPh-tBu)52
nanomolecules. (a) Au12 icosahedral shell surrounding the central Au atom; (b) Au42
icosahedral shell; (c) 52-atom shell whose structure is derived from a 60-atom
rhombiicosidodecahedron with 8 atoms missing; (d) Au133 core geometry showing the
outmost 26 atoms that are part of the 26 [−SR−Au−SR−] units; (e) Au133S52 structure; (f)
merging of four Au 3 triangles (colored in light blue) in the 60-atom rhombicosahedral
shell into a single Au atom; (g) 52-atom shell resulting from step (f); (h) minor
rearrangement of the 52-atom shell to produce the final structure, coinciding with that of
(c), with initial positions in red and final positions in light blue. Reprinted with permission
from reference [38]. Copyright 2015 American Chemical Society.
The crystallographic arrangement of Au133 is organized as layers of shells as shown in
Figure 3.4. The first shell is occupied by a central Au atom and the second shell corresponds
to an icosahedron of 12 vertices; the third shell contains 42 atoms which are positioned
both on-top of the 12 corners and at the middle of the 30 edges of the inner 12-atom
icosahedron; the structure obtained is the well-known Mackay icosahedron of 55 atoms. A
further growth of 60 atoms will lead to the formation of the 115-atom dodecahedron with
full Ih symmetry observed in the Pd145 structure63; this growth mode corresponds to the
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occupation of the anti-Mackay sites by the outer gold atoms, which would occupy all the
60 hollow sites of the inner 55-atom icosahedron. However, in the 133-Au atom structure
only 52 atoms are found in the fourth shell, with a peculiar reconstruction described above.
A final fifth shell of 26 atoms-instead of 30, as in the case of the Pd145 compound-completes
the structure of the gold core with a complete loss of symmetry. The greater sparsity in the
last two shells corresponds to a slight contraction of the shell radii; by comparing the
present structure with the powder XRD from ref 40, we observe the following values: in
the fourth shell of 52 atoms of the 133-Au atom structure, an average radius of 6.87 Å with
respect to a radius of 7.10 Å for the 60-atom shell of the theoretically predicted Au144
model; in the fifth shell of 26 atoms of the 133-Au atom structure, an average radius of
8.47 Å with respect to a radius of 9.03 Å for the 30-atom shell of the 144-Au atom model
(see Table A 1 for crystal data).

3.10. Conclusion
Au133(SPh-tBu)52 was synthesized from Au144(SCH2CH2Ph)60 through core size conversion
and Au144(SCH2CH2Ph)38 (SPh-tBu)22 has been identified as a stable intermediate due to
the presence of relatively greater intensity peak in ESI-MS compared to other peaks. The
steric effect of the p-tBu groups provides rigidity to the cluster thereby improving the
crystallinity and purity of the materials which is crucial for the crystal formation and total
structure determination. The atomic structure of Au133(SPh-tBu)52 was determined by Xray crystal analysis and stability of Au133(SPh-tBu)52 can also be due to the geometric
factors with the geometric shell closings of 1 + 12 + 42 + 52 atoms.
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Chapter 4
Large Scale Synthesis of Au36(SPh-tBu)24 by Core Conversion

Part of the text and figures in this chapter are extracted from the manuscript submitted to
Langmuir. (Manuscript ID: la-2017-01017d)
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4.1. Abstract
Among the aliphatic thiolate nanomolecules, Au25(SPhCH2CH2)18, Au38(SPhCH2CH2)24,
and Au144(SPhCH2CH2)60 have reported large scale synthetic procedures. In addition, only
few researchers who expertise in the field of synthesis of gold-thiolate nanomolecules have
their own tailored synthetic protocols for specific nanomolecules. Au36(SPh-tBu)24
nanomolecule belongs to the series of aromatic thiolate nanomolecules and possess
interesting chemical, optical, and electrochemical properties. However, lack of
reproducible and robust synthetic procedure with high yield and monodisperse product is
a barrier for performing in depth study on this nanomolecule. This work focuses on
optimizing a reported synthetic protocol to design a large-scale synthetic protocol for
Au36(SPh-tBu)24 with high yield in order to facilitate the in-depth study of this
nanomolecule. A synthetic protocol with a yield of ~42% is designed for the advantage of
workers who are interested in performing in-depth study on Au36(SPh-tBu)24
nanomolecules. Also, in order to eliminate any time consuming and tiring separation
techniques such as SEC and to simplify the synthetic protocol, a simple acetone extraction
is employed for the purification of nanomolecule.
Author Contributions:
Theivendran. S performed the optimization of the synthetic protocol for Au36(SPh-tBu)24
and performed characterization of the nanomolecule. Dr.Fortunelli and group performed
the theoretical calculations.
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4.2. Introduction
Atomically precise gold nanomolecules have important applications in the field of drug
delivery41, sensing42, catalysis43 and other biomedical applications44 because of their
tunable physical, chemical, and electronic properties45 and high stability.46 In order to
perform an in-depth study on atomically precise gold-thiolate nanomolecules, it is essential
to have reproducible synthetic procedures for producing pure nanomolecules with high
yield. Among the popular and well-studied aliphatic thiolate protected gold nanomolecules
Au25(SCH2CH2Ph)18, Au38(SCH2CH2Ph)24 and Au144(SCH2CH2Ph)60 are the ones that are
known to have facile synthesis and separation procedure for large scale production.25, 27, 47
These nanomolecules can be dried and re-dispersed into solution and are stable in ambient
condition for years. Au36(SPh-X)24 is formed with aromatic thiolate ligands such as
thiophenol,30, 48 and tert-butylbenzenethiol (TBBT).49 Synthesis of Au36(SPh)24 has been
first reported by our group, but erroneously assigned as Au36(SPh)23 using MALDI TOFMS48 due to the loss of one ligand by fragmentation and then later corrected as Au36(SPh)24
using X-ray crystallography.30 As opposed to the crystal structures of smaller aliphatic
thiolate nanomolecules which has icosahedral core, Au36(SPh-X)24 being one of the small
nanomolecules in the aromatic thiolate series has face centered cubic (fcc) structure. Das
et al reported the crystal structure of Au36(SC5H9)24 (HSC5H9-cyclopentanethiol-secondary
thiol) via core conversion (also has FCC core atomic structure)50 and the UV-vis spectra,
which is blue shifted by ~20 nm compared to the UV-vis spectra of Au36(SPh-X)24 with
aromatic thiols. Optical and electrochemical experiments have also been performed in
previous studies and Au36(SPh)24 has been shown to have absorption peaks at 575 and 375
nm with a broad electrochemical gap30 of nearly 2 V.
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Using current synthetic methods, we could not prepare either Au36(SPh)24 or Au36(SPhtBu)24 in large quantities for the following reasons. The reported yield of Au36(SPh)24 is
low as ~10% and the thiophenolate protected clusters have stability and solubility issues.
Au36(SPh-tBu)24 was prepared through core size conversion using Au38(SCH2CH2Ph)24 as
a starting material with an overall yield of ~23%. However, this procedure requires the
synthesis of pure Au38(SCH2CH2Ph)24 as the starting material. There is a need for a
reproducible and reliable synthetic protocol of Au36(SPh-X)24.
In recent years, thermochemical treatment (also known as etching) is widely used to
synthesize stable gold nanomolecules of specific size through ligand exchange or core
conversion. In our previous report on core conversion, it has been shown that Au67 and
Au103-105 is converted to Au38 and Au40 upon etching with phenylethanethiol (PC2).
Similarly, when Au67 and Au103-105 crude mixture is etched with tert-butylbenzenethiol, it
core converts to Au36 and Au44, where Au36 is the major product.
The large-synthesis of Au36(SPh-tBu)24 was designed with a yield of ~ 42% on Au mole
basis (see Table A 7). A synthetic reaction starting with ~200 mg of HAuCl4 produces ~65
mg of Au36(SPh-tBu)24. The purpose of this work and the synthesis of Au36(SPh-tBu)24 is
to (1) optimize the existing procedure to obtain stable product with better yield, (2) develop
a scalable synthetic procedure, (3) demonstrate the superior stability of Au36(SPh-tBu)24
when compared with Au36(SPh)24, (4) demonstrate the reproducibility and robustness of
the optimized synthetic procedure.
Our goal is to optimize the available reported pathway of production of Au36(SPh-tBu)24
experimentally by comparing the yield, and the level of purity of the final product obtained
from various possible synthetic routes. A simple method of synthesis which could be easily
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prepared without the aid of any demanding separation technique would largely enhance the
in-depth study and practical applications of this nanomolecule.
Choice of solvent and thiol play an important role in the yield and purity of final product.
Therefore, we chose to explore thiophenol and tert-butylbenzenethiol for thiols, and THF
and toluene as solvents.

4.3. Method of synthesis of Au36(SPh-tBu)24
Materials: Phenylethane thiol (SAFC, >99%), 4-tert-butylbenzenethiol, TBBT (TCI,
>97%), hydrogen tetra-chloroaurate(III) trihydrate (Alfa Aesar, 99.99%), sodium
borohydride

(Acros

Organics),

trans-2-[3[(4-tertbutylphenyl)-2-methyl-2-

propenylidene]malononitrile (DCTB matrix)(TCI ≥ 99%), tetrahydrofuran (THF) HPLC
grade (Fisher), toluene (Fisher), methanol (Fisher), and acetone (Fisher) were purchased
and used as received.
Instruments: Matrix-assisted laser desorption ionization time of fight (MALDI-TOF) mass
spectra were collected on a Voyager DE Pro mass spectrometer in linear positive using 20
mM DCTB as matrix spotted from a THF solution. ESI-MS spectra were acquired on
Waters Synapt HDMS instrument in positive mode by dissolving the title compound in
HPLC grade THF, and UV-visible absorption spectra were recorded in toluene solution on
a Shimadzu UV-1601 UV-vis spectrophotometer.
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Synthetic procedure for the optimized pathway (route 4 as described later)

Scheme 4.1: Detailed description of the synthetic procedure referred to as ‘route 4’ for the
optimized pathway. * Etching Condition: 1 mg crude: 15 µL TBBT: 15 µL THF, 2-3 days
at 80⁰C.
Step 1: HAuCl4 was dissolved in THF in the ratio of 10 mL THF for 0.1 g of HAuCl4.
Phenylethanethiol was added into the solution (Au:thiol = 1:6), The mixture was stirred at
800 rpm for about 50 mins. The color of the reaction mixture changes from yellow to off
white in about 40 mins. Next, NaBH4 (Au:NaBH4 = 1:10) dissolved in ice-cold water to
the ratio of 2 mL of water for 0.1 g of NaBH4 was added to the mixture. The color of the
solution turned brown immediately upon the addition of NaBH4. The reaction was stopped
in 45 mins after the addition of NaBH4 and was dried as quickly as possible by rotary
evaporation. The dried product was washed with methanol thrice to remove excess thiol,
and other by products. The crude contains Au67(SCH2CH2Ph)35, Au103-104(SCH2CH2Ph)4345 and

some Au25(SCH2CH2Ph)18.

Step 2: The crude mixture obtained from step one was dissolved in excess TBBT and THF
in the following ratio; Crude: Thiol: THF = 1 mg: 15 µL: 15 µL and etched at 80⁰C for
about 2-3 days (if needed, perform a short re-etch in neat thiol to push the ligand exchange
to completion) and then the product was washed with methanol to remove excess thiol. The
product was then extracted with toluene or THF twice or thrice to remove the decomposed
solid particles by centrifugation.
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Step 3: 150 µL of acetone was added to each 1mg of dried etched product in a 20 mL vial
under slow swirling so that sample get wets completely. The sample was left undisturbed
for a while (~10-20 minutes). Then, the sample was centrifuged and the soluble portion
was carefully separated from the insoluble portion. Acetone extraction was repeated twice
or thrice on the insoluble portion. Final insoluble product obtained was Au36(SPh-tBu)24.

4.4. Results and discussion
The detailed description of the optimized route that is chosen to be the best option for
scalable synthesis of Au36(SPh-tBu)24 is shown in Scheme 4.1, while other routes that have
been attempted but resulted in lower yield are summarized in Scheme 4.2 (for detailed
description see Scheme A 5 and Table A 4). In short, the crude is synthesized by modifying
the reported procedure48 and then etched with TBBT. Finally, the stable and pure
Au36(SPh-tBu)24 is easily separated using acetone extraction. This procedure yields ~42 %
of Au36(SPh-tBu)24 on Au mole basis.
Scheme 4.2 shows a summary of various synthetic pathways attempted in this work. We
explored the synthesis with PhSH ligand in THF in ‘route 1’ and the product has a lower
yield and has solubility and stability issues. Also, the final product contains some amount
of Au102(SPh)44. When we attempt this synthesis with PhSH ligand in toluene, referred to
as ‘route 2’, the yield increases but the solubility, stability and impurity issues remain. The
synthetic procedure referred to as ‘route 3’ gives a yield of ~29%, this involves
intermediate thermochemical treatment steps with TBBT and PhSH (See Figure A 6). The
second etching step using PhSH eliminates the larger species (without using SEC) that are
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Route 1
PhSH
THF

Yield: 10%
Unstable product

Route 2
PhSH
Toluene
Aux(PC2)y
mixture

Yield: 24%
Unstable product

Route 3
1. TBBT +THF
2. PhSH + Toluene
3. TBBT + Toluene

Yield: 29%
Stable product
Time Consuming

Route 4
1. TBBT+THF
2. Acetone extraction

Yield: 42%
Stable product

Scheme 4.2: Summary of various synthetic route explored in this work. The synthetic
protocols using thiophenol results in lower yield whereas the synthetic protocols designed
using tert-butylbenzenethiol results in high yield and stable product.
formed in the first etch with TBBT. The larger nanomolecules that are formed with tertbutylbenzenethiol decompose when etched with thiophenol as the ligand. Therefore,
performing a second etch with thiophenol will decompose all the other larger clusters in
the reaction mixture or convert them to Au36(SPh)24. This would disentangle the need of
any time-consuming separation techniques. Even though the product from the second etch
(Au36(SPh)24) is monodisperse with high yield, the product is again etched with TBBT as
the title compound is remarkably stable with TBBT ligand. This synthetic route emphasizes
the fact that the ligand dictates the formation of nanomolecules of different sizes. In this
case, since Au36(SPh-X)24 is the only common size produced with both the ligand groups
it is possible to make pure product and eliminate size exclusion chromatography51 (SEC)
by performing multiple thermochemical treatments. However, even though this procedure
yields pure and stable product, performing multiple thermochemical treatments and
working with thiophenol is less preferred. Therefore, the synthetic route via acetone
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extraction, referred to as ‘route 4’ is chosen to be the best pathway for large scale
production of stable Au36(SPh-tBu)24.
The optimized synthetic procedure in route 4 has been repeated numerous times (see Figure
A 3 and Table A 4) in order to confirm the reproducibility and robustness of the optimized
process. When looking at the utilization of thiophenol versus tert-butylbenzenethiol in the
optimized synthetic procedure, the product with tert-butylbenzenethiol as the ligand helps
in synthesizing stable product with high yield. The reason for choosing THF solvent
medium is that the rate of reaction is quicker in THF compared to toluene medium and
there won’t be significant differences in yield when etched with TBBT, however, as
mentioned before, thiophenol-toluene system gives better yield compared to thiophenolTHF system. From preliminary experimental outcomes and understandings, the pathway
of direct thermochemical treatment with thiophenol in THF or toluene solvent medium
results in very low yield, therefore, those could be potentially eliminated from the choices
of interest.
Considering other practical difficulties with thiophenol, the washing step after
thermochemical treatment is very laborious. In general, removal of excess thiol (washing)
involving with the thermochemical treatments is undesirable and time-consuming.
Especially in the case of thiophenol, it is difficult because of the solubility of thiophenol in
methanol (solvent commonly used for washing), repulsive odor, volatility, and
carcinogenic effects. The etched product has to be close to dryness in order to avoid loss
of product along with methanol. The proper personal protective equipment (PPE) should
be used to avoid safety risks. Considering these difficulties in practical circumstances, poor
shelf life, and lower yield, avoiding the use of thiophenol for thermochemical treatment
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would help in making synthetic protocol efficient and practical. The proposed optimized
route 4 is advantageous in these aspects. This procedure involves only one etching step
with TBBT (which is easier to handle than thiophenol because it has relatively less odor
and poor solubility of TBBT protected nanomolecules in methanol) and then acetone
extraction.

4.5. Optimization of the existing synthetic protocol for increased yield of
monodisperse Au36(SPh-tBu)24 via thermochemical treatment and simple
solvent extraction.

Figure 4.1: (a) MALDI – MS spectra showing the step by step process of the optimized
path. The multiple peaks to the left of Au36(SPh-tBu)23 and Au43(SPh-tBu)26 are due to
fragmentation at medium laser fluence and the peaks that are present in the mass range less
than 5000 Da are small Aux(SR)y clusters formed during the etch.
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Figure 4.1 shows the detailed step by step process of the optimized process monitored by
mass spectrometry. MALDI-MS spectra at medium laser fluence is shown to demonstrate
that there are no other larger species present and the level of purity of the final product.
The crude mixture (red spectra) is etched with TBBT for 2-3 days (blue spectra) at 80⁰C
and the washed product is extracted with acetone. Au36(SPh-tBu)24 settles down as the
insoluble portion while the remaining larger species and smaller clusters stay in the
solution. The soluble portion is carefully separated from the insoluble portion using a
pipette. The green spectra of MALDI-MS in Figure 4.1 shows the final product obtained
after acetone extraction, which primarily contains Au36(SPh-tBu)24 and the black spectra
shows the MALDI-MS of the soluble portion, which mainly contains Au44(SPh-tBu)28 and
some other smaller Aux(SR)y clusters (peaks that are present in the mass range below 5000
Da). Due to the labile nature of the aromatic ligands, it is well known that in MALDI-MS,
the molecular ion peak is observed with the loss of one ligand and other fragments to the
a

b

Figure 4.2: (a) UV-vis spectroscopy showing the step by step process of optimized path.
(b) The final product [green] obtained by acetone extraction is compared against a pure
Au36(SPh-tBu)24 sample obtained after SEC purification [orange].
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left corresponding to one gold one ligand loss (Au(SR)). Hence, at medium laser fluence
as shown in Figure 4.1 green and black spectra the molecular ion peaks of Au36(SPh-tBu)24
and Au44(SPh-tBu)28 show up as Au36(SPh-tBu)23 and Au43(SPh-tBu)26 due to
fragmentation. Also, the peaks to the left of Au36(SPh-tBu)23 and Au43(SPh-tBu)26 are due
to further fragmentation of the parent peak. However, for small aliphatic thiolate
nanomolecules such as Au25(SCH2CH2Ph)18 it is possible to obtain an intact molecular
peak without any fragmentation at low laser fluence in MALDI-MS.36
Au36(SPh-tBu)24 has distinct absorption features at 375 nm and 570 nm. Figure 4.2 (a)
shows the UV-vis spectroscopy of the starting material (in red), etched product (in blue),
the insoluble (in green), and soluble (in black) portions of acetone extraction. Figure 4.2
(b) shows the comparison of the final product obtained through acetone extraction with

Figure 4.3: ESI-MS and MALDI-MS characterization of the final product obtained through
the optimized protocol. ESI-MS (blue spectra) shows the +2 charge state of Au36(SPh-tBu)24
and the peak with a red asterisk mark corresponds to [Au36(SPh-tBu)24]2Cs33+ dimer.
MALDI-MS (red spectra) shows the +1 charge state of Au36(SPh-tBu)23 with one ligand
loss due to fragmentation and the peak with a blue asterisk mark corresponds to Au35(SPhtBu)22 fragment.
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pure Au36(SPh-tBu)24 obtained after SEC (in orange) to show the purity of the final
product.
Figure 4.3 shows the ESI-MS and MALDI-MS characterization of the final product to
show purity. The red spectra shows the MALDI-MS with +1 charge state of Au36(SPhtBu)23 at 10840 Da and the peak with a red asterisk corresponds to Au35(SPh-tBu)22
fragment. The blue spectra shows the ESI-MS of the +2 charge state of Au36(SPh-tBu)24
with two Cs+ adducts at 5661 Da. The peak with a blue asterisk mark corresponds to the
dimer of Au36(SPh-tBu)24, i.e. [Au36(SPh-tBu)24]2Cs33+ at 7504 Da.

4.6. Shelf life, stability issues, and practical difficulties with thiophenol
(1) The Au36(SPh-tBu)24 sample dried and stored under ambient conditions could be redissolved completely into the solvent after several months, however, in the case of
thiophenol there will be a certain degree of decomposition and could not be re-dissolved
completely. In our previous report on the discussion of the stability of Au 133(SPh-tBu)52
compared to Au133(SPh)52, it has been theoretically found that the addition of p-tBu group
reduces the structural freedom, the cluster fluxional character, and also serves as a
protective layer that prevents other foreign species from adsorbing to the surface of the
cluster.31 This in turn makes the nanomolecule more stable with bulky ligands. This could
also be applicable in the case of Au36(SPh-tBu)24 and that is why the product through the
intermediate TBBT etch gives better yield and stable product. (2) Thiophenol produces
extremely foul odor and its tendency of dissolving nanomolecules in methanol makes the
processing steps difficult compared to tert-butylbenzenethiol. (3) The yield obtained by
etching the crude mixture directly with thiophenol in THF medium, ‘route 1’ is 10% and
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in toluene medium, ‘route 2’ is 24% (Scheme A 5). Therefore, the yield of the product from
direct etching with thiophenol is very low. The synthetic route via intermediate TBBTPhSH etch (route 3) increases the yield by 20% compared to the direct thiophenol-toluene
etch. Whereas, ‘route 4’ yields nearly twice the reported49 (~23%) yield. Hence, the
synthetic protocol with direct TBBT etch (route 4) with a yield of ~42% is chosen to be the
best.

4.7. Conclusion
We have investigated various synthetic pathways for the synthesis of Au36(SPh-X)24 with
two aromatic ligand groups. The reaction pathway via tert-butylbenzenethiol etching step
helps in getting better yield and a highly stable product. The final step for the purification
of the title compound can be readily done by acetone extraction. Hence, the product can be
purified easily without the need of any time-consuming separation techniques such as SEC.
The title product with tert-butylbenzenethiol as the ligand has longer shelf life and higher
stability. The optimized synthesis reported here for Au36(SPh-tBu)24 has a yield of 42%,
and the product is extremely stable with no solubility issues over time. Also, the optimized
synthetic procedure is repeated many times to confirm the robustness and reproducibility
of the yield.
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Chapter 5
Au36-xAgx(SPh-tBu)24 Nanomolecules: Experimental, Optical and
Theoretical Analysis
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5.1. Abstract
Alloying of nanomolecules by incorporating heteroatoms into the atomic structure is
widely studied in recent years due to the opportunity of tuning the optical, electronic,
physical, and chemical properties, stability and reactivity of nanomolecules. Our group has
synthesized and crystallized Au25-xAgx(SCH2CH2Ph)18, Au38-xAgx(SCH2CH2Ph)24 and
studied about the incorporation of Pd, Cu, and Ag with Au144(SCH2CH2Ph)60. With the aid
of high resolution ESI-MS, it is possible to monitor and perform compositional
assignments for the incorporation of hetero atoms into the atomic structure of gold thiolate
nanomolecules.

Au36(SPh-tBu)24 is one of the widely studied aromatic thiolate

nanomolecule and no aromatic thiolate gold nanomolecules have been incorporated with
silver atoms so far. Therefore, it is interesting to investigate the preferable locations, the
maximum number of incorporation of Ag atoms into its atomic structure and the variations
in optical, chemical, and physical properties of Au36(SPh-tBu)24 due the incorporation of
Ag atoms. Au36-xAgx(SPh-tBu)24 has been synthesized, characterized and theoretical
calculations on the preferred locations of incorporation were performed. The number of Ag
atom incorporation can be varied by changing the incoming Au:Ag ratio during the
synthesis of crude mixture and the crude mixture with Au:Ag ratio higher than 1:0.2 results
in decomposition of nanomolecules upon etching and it is not feasible. From the ESI-MS
results, it has been found that it is possible to achieve a maximum of 8 Ag atom
incorporation and the nanomolecule becomes unstable upon further incorporations. The
optical spectra of Au36-xAgx(SPh-tBu)24 shows similar absorption patterns at 360 nm and
570 nm as Au36(SPh-tBu)24, however shows a blue shift with higher silver content. From
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theoretical calculations, it has been shown that the most preferable locations are the gold
atoms found in the outer sites of the core and bound to the four dimeric staples.
Author Contributions:
Theivendran. S synthesized and characterized the Au36-xAgx(SPh-tBu)24 nanomolecules.
Dr.Fortunelli and group performed the theoretical calculations.
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5.2. Introduction
Gold nanomolecules that are smaller than 2 nm in size and have a distinct number of gold
atoms and organo-thiolate ligands exhibit unique physical, chemical and optical properties.
These properties can be tuned via ligand chemistry, which is known to have great influence
on the stability and response of these nanomolecules. In this field, Au36(SR)24 is one of the
stable nanomolecule and best known one among those protected using aromatic thiolate
ligands. Among the aromatic thiolate ligand groups, stable Au36(SPh-R)24 species can be
synthesized with both R = H and –tBu.30, 49 The properties of gold nanomolecules can also
be tuned by alloying with other metals. Silver nanomolecules in fact also have distinct
optical properties and have promising antibacterial and antifungal activity.52 Au-Ag alloy
nanomolecules then show unique properties that are not observed in monometallic Au or
Ag particles, and the tuned properties may find applications in catalysis and optics.53
Indeed, Murray et al have studied monolayer-protected metal alloy nanomolecles of size
ranging from 3-5 nm by doping Au with Ag, Cu, and Pt.21 El-Sayed et al have synthesized
20nm gold-silver nanoparticles, and showed that silver doping leads to blue shift of the Au
SPR peak by ~120nm.54 Au144 is a heavily studied nanomolecule, which has been
incorporated with variety of other metals such as silver, copper, and palladium.15, 55-56 Au25
nanomolecules have been incorporated with Ag, Cu, and Pd.13, 57-58 Au38-xAgx(SR)24 has
been synthesized and its crystal structure has been reported17. However, there is no alloy
nanomolecule with aromatic ligand has been reported so far.
Au36-xAgx(SPh-tBu)24 alloy nanomolecules are synthesized with atomic level incorporation
of silver atoms into the core of Au36(SPh-tBu)24 as determined by ESI and MALDI mass
spectrometry. The incorporation of silver atoms has an appreciable effect on the optical
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properties of these compounds and affects their electronic structure, as demonstrated by
UV-visible spectroscopy measurements. In particular, apart from a minor blue shift in a
main absorption peak at low energy from 572 nm to 539 nm, we find a significant increase
in absorption intensity when the Au:Ag incoming metal ratio is raised from 1:0 to 1:0.2,
with however a non-monotonous evolution of absorption intensity in the high-energy peak
at 366 nm, effects which are rationalized as due to unusual features of Ag doping into the
present aromatic-thiolate-protected Au36(SPh-R)24 cluster.

5.3. Synthesis of Au36-xAgx(SPh-tBu)24
Materials: Phenylethane thiol (SAFC, >99%), 4-tert-butylbenzenethiol, TBBT (TCI,
>97%), hydrogen tetrachloroaurate(III) trihydrate (Alfa Aesar, 99.99%), sodium
borohydride

(Acros

Organics),

trans-2-[3[(4-tertbutylphenyl)-2-methyl-2-

propenylidene]malononitrile (DCTB matrix)(TCI ≥ 99%), tetrahy-drofuran (THF) HPLC
grade (Fisher), toluene (Fisher), methanol (Fisher), and acetone (Fisher) were purchased
and used as received.
Instruments: Matrix-assisted laser desorption ionization time of fight (MALDI-TOF) mass
spectra were collected on a Voyager DE Pro mass spectrometer in linear positive using 20
mM DCTB as matrix spotted from a THF solution. ESI-MS spectra were acquired on
Waters Synapt HDMS instrument in positive mode by dissolving the title compound in
HPLC grade THF, and UV-visible absorption spectra were recorded in toluene solution on
a Shimadzu UV-1601 UV-vis spectrophotometer.
Synthesis of (AuAg)36(SPh-tBu)24: Followed a similar protocol reported by our group for
the synthesis of crude mixture48. Firstly, HAuCl4 and AgNO3 in a specific ratio (Au:Ag =
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1:0, 1:0.1, 1:0.15, and 1:0.2) are dissolved in THF (10mL for 0.1g of HAuCl4, Sonication
might be required for the dissolution of AgNO3), then phenylethane thiol (Au:Thiol=1:6)
is added into the mixture and stirred for 40-60 minutes until the yellow solution turn to
white turbid mixture. Thereafter, NaBH4 (Au:NaBH4=1:10) dissolved in 2mL of cold water
is added to the mixture. The reaction is stirred for 10 minutes before the solvent is removed
via rotary evaporation. The resulting product is washed with methanol three times to
remove the excess thiol and NaBH4. The second step is the thermochemical treatment with
tert-butylbenzenethiol. The crude product (obtained from 0.1g of HAuCl4) is then
dissolved in 0.5 mL of THF and 0.75 mL of tert-butylbenzenethiol and etched for 7 days
at 60-65⁰C under stirring. The resulting product is washed with methanol five times to
remove the excess thiol. The final product could be further purified using Size-exclusion
chromatography if needed.

5.4. Results and discussion
Figure 5.1 (a) shows the ESI mass spectrometry zoomed in the mass region of +2 charge
state of nanomolecules. The bottom orange spectra shows the monometallic stable
Au36(SPh-tBu)24 that has been heavily studied amongst aromatic nanomolecules. Addition
of silver precursor AgNO3 during the synthesis of crude led to the formation of
AuxAgy(SCH2CH2Ph)z nanomolecules in the crude mixture. The crude mixture is then
etched with HSPh-tBu (tert-butylbenzene thiol) in the presence of toluene resulting in the
formation of AuaAgb(SPh-tBu)24, where a+b =36. The red spectra shows the number of
silver incorporation into the structure for the incoming Au:Ag ratio of 1:0.1. The envelope
of peaks is due to the presence of different number of Au and Ag atoms in the core structure
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a

b

Figure 5.1: (a)Electrospray ionization (ESI) mass spectrometry of Au36-xAgx(SPh-tBu)24
nanomolecules for Au:Ag precursor ratios of 1 : 0 (Orange), 1 : 0.1 (red), 1 : 0.15 (blue),
and 1 : 0.2 (olive green) in the crude mixture. The mass difference between the peaks in
nanoalloys corresponds to the Au (196.97 Da) and Ag (107.87 Da) mass difference, ∆m =
89 Da. The number of Ag atoms incorporated has been denoted in the figures. (b)MALDI
TOF mass spectra Au36-xAgx(SPh-tBu)24 nanomolecules for Au:Ag precursor ratios of 1 :

0 (Orange), 1 : 0.1 (red), 1 : 0.15 (blue), and 1 : 0.2 (olive) in the crude mixture. The peaks
at and before the asterisk mark is from the characteristic fragmentation of the intact species
due to the loss of ligands. THF solution of the (Au–Ag) nanoclusters were mixed with
DCTB matrix in toluene and air dried in gold plate for MALDI MS analysis.
as denoted by the 89 Da mass difference between the peaks (Au = 196.97 Da, Ag = 107.87
Da, ∆m = 89.1 Da). Similarly, blue and green spectra shows the final product for the
incoming Au:Ag ratio of 1:0.15 and 1:0.2 respectively. It could be observed that the
number of silver atom incorporation increases with the increase in the Au:Ag incoming
ratio. Up to 8 silver atoms get incorporated for the Au:Ag ratio of 1:0.2. However, the
experiments at Au:Ag ratio higher than 1:0.2 lead to the formation of unstable alloy
nanomolecules. Au:Ag ratio of 1:0.2 is the highest ratio that could be achieved for silver
incorporation.
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Figure 5.2: UV-vis Spectroscopy of (AuAg)36(SPhtBu)24 for Au:Ag precursor ratios
1:0 (black), 1:0.1 (green), 1:0.15 (blue), and 1:0.2 (red) in the starting material.
Figure 5.1 (b) shows the corresponding MALDI-MS of the samples showed in ESI-MS.
The bottom orange spectra represent +1 charge state of Au36(SPh-tBu)24 with the incoming
metal ratio of 1:0. Similar to the ESI spectra, the red, blue, and green spectra correspond
to Au:Ag ratio of 1:0.1, 1:0.15, and 1:0.2 respectively. MALDI-MS further confirms the
presence of silver incorporation into the structure of Au36(SPh-tBu)24 and also it could be
observed that the MALDI-MS figure of Au:Ag = 1:0.2 metal ratio has a maximum at four
silver atoms incorporation, thus suggesting a lesser stability of (Ag-Au)36(SR)24 species to
MALDI conditions. The peaks that are present at and before the asterisk mark corresponds
to the fragmentation in MALDI-MS due to the loss of ligands and atoms.
Figure 5.2 shows the comparison of the UV visible spectroscopy of pure Au36(SPh-tBu)24
(black) with Au36-xAgx(SPh-tBu)24 product synthesized at different Au:Ag incoming metal
ratios. No significant differences were observed in the overall absorption pattern when the
Au:Ag ratio is changed from 1:0 to 1:0.2, except for a blue shift. This could be due the
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relatively smaller number (~4) of silver atom incorporation into the core of Au36(SPhtBu)24. On average about 3-4 silver atoms (according to MALDI-MS, even though ESIMS shows up to 8 atoms incorporation) get incorporated for the Au:Ag ratio of 1:0.2.

5.5. Theoretical analysis on the preferable locations for the incorporation
of Ag atoms into the atomic structure of Au36(SPh-tBu)24
As a general trend, Ag atoms tend to occupy the inner core and doping at the staple sites
are not usually favored. However, in the case of Au36, outer core sites are the most
favorable sites for incorporation from DFT energies (See Table A 8) calculations and it is
consistent with previous findings, being due to the combined effects that Ag-S interaction
is weaker than Au-S interaction, and that Ag prefers to locate on the surface of Au-Ag
nanoalloy52-53, 59-62. What is specific to (Ag-Au)36(SR)24 is the presence of 4 staple metal
atoms close to the external atoms in the outer core sites (Ex-Td) that are unusually low in
energy and therefore good candidate for chemical substitution by Ag (see Figure A 9).
Preferential doping into the energetically favorable 4 external atoms seems consistent with
experimental indications that Ag doping seems facile up to 4 replacements. However, the
4 external staple sites close to the external core atoms are also not too high in energy and
additionally occupy peripheral locations in the cluster framework and are thus easily
accessible, allowing rapid Ag insertion and are thus likely to be kinetically favored. We
thus predict that at low doping (up to 4 Ag replacements, Au:Ag ratio up to 1:0.15) either
Ex-Td or Ex-St-near (4 atoms in the staple that are closer and bind to Ex-Td) will be
populated, while at high doping (up to 8 Ag replacements, Au:Ag ratio = 1:0.2) both ExTd and Ex-St-near will be populated.
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5.6. Conclusion
The synthesis, mass-spectrometric and optical characterization of Ag-Au alloy
nanomolecules with aromatic thiolate ligands is presented for the first time. Au36xAgx(SPh-tBu)24

was synthesized through core-size conversion from a polydisperse crude

mixture. Comprehensive characterization was performed using ESI-MS, MALDI-MS
spectrometry, and UV-vis absorption spectroscopy. Maximum of 8 Ag atom incorporation
was observed in ESI-MS, where-as MALDI-MS shows the species with 4 Ag atom
incorporation as most stable species from the relative intensity of the peak compared to
other peaks. From theoretical analysis, doping is predicted to be most energetically
favorable in 4 external core positions, but in Au36 4 staple sites close to external core
positions are also found to be low-energy doping sites. Therefore, the theoretical analysis
seems to have fair agreement with the experimental results.
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APPENDIX
Table A 1: Crystal data and structure refinement for Au133S52 [Reprinted with permission
from reference [38]. Copyright 2015 American Chemical Society]
Identification code
Empirical formula
Formula weight
Temperature/K
Crystal system
Space group
a/Å
b/Å
c/Å
α/°
β/°
γ/°
Volume/Å3
Z
ρcalcmg/mm3
µ/mm-1
F(000)
Crystal size/mm3
2Θ range for data collection
Index ranges
Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F2
Final R indexes
Final R indexes
Largest diff. peak/hole / e Å-3

mu
C520H672Au133S52
34786.20
100(2)
monoclinic
C2/c
48.626(6)
38.971(5)
40.431(5)
90
90.252(4)
90
76614(16)
4
3.016
25.523
60524
0.1 × 0.1 × 0.05
1.952 to 37.89°
-44 ≤ h ≤ 44, -35 ≤ k ≤ 35, -36 ≤ l ≤ 36
343986
30138[R(int) = 0.2189]
30138/921/1337
1.327
[I>=2σ (I)] R1 = 0.0841, wR2 = 0.2270
[all data] R1 = 1591, wR2 = 2829
2.623/-1.896
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Figure A 2: MALDI-MS spectra of Au133(SPh-tBu)52 at increasing laser fluence to
demonstrate the purity of the final product. High laser induces fragmentation of the
nanomolecule while the low laser gives intact. [Reprinted with permission from
reference [38]. Copyright 2015 American Chemical Society]

molecular ion. There are no peaks in the larger mass range even at very high
laser fluence
indicating the high purity of the sample
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Figure A 3: UV-vis spectra of the final product obtained from the trials on the optimized
pathway (route 4) to show reproducibility
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Table A 4. Summary of yields obtained from different synthetic routes. The boxes
highlighted in green corresponds to the experiments performed following the optimized
synthetic route.

No.

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18

Sample ID

ST2_42_A
ST2_76_A
ST2_74_A
ST2_74_B
ST2_78_C
ST2_76_B
ST2_72_A
ST2_74_C
ST2_78_A
ST2_76
ST2_85
ST2_86
ST2_91
ST2_99_1
ST2_99_2
ST2_100_1
ST2_100_2
ST2_101_A

Route
No.

Thiol used

Mass of
HAuCl4
used
(mg)

1
1
1
2
2
2
3
3
3
3
3
3
3
4
4
4
4
4

PhSH
PhSH
PhSH
PhSH
PhSH
PhSH
TBBT/PhSH
TBBT/PhSH
TBBT/PhSH
TBBT/PhSH
TBBT/PhSH
TBBT/PhSH
TBBT/PhSH
TBBT
TBBT
TBBT
TBBT
TBBT

100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
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Mass of
starting
material
used
(mg)

Mass of
Au36(SPhX)24 (mg)

Yield

40
48.5
50
50
50
50
40
50
45
50
50
50
50
70
70
70
70
70

5
5
10
20
20
10
20
30
25
20
15
23
25
28
38
30
34
35

7%
7%
15%
29%
29%
15%
26%
38%
32%
26%
19%
29%
32%
36%
49%
38%
44%
45%

Average
Yield

10%

24%

29%

42%

Etch with PhSH
in THF

Product = 5 mg
Yield = 10%

Route 2
Aux(PC2)y mixture

50 mg

Etch with PhSH
in toluene

Product = 20 mg
Yield = 24%

Route 3
50 mg

Etch with TBBT
in THF

1. PhSH Etch
2. TBBT Etch in
Toluene

Product = 23 mg
Yield = 29%

50 mg Acetone Extraction

Route 4
Soluble
portion: Au44 +
Larger species

Insoluble
portion
Au36(TBBT)24

Product = 34 mg
Yield = 42 %

Scheme A 5: Summary of various pathways explored for the large-scale synthesis of
Au36(SPh-X)24 Route 1 and Route 2 are eliminated due to poor yield and technical
difficulties. Route 3, which involves with 3 etching steps, is also eliminated due to practical
difficulties in handling three consecutive etches. Route 4, which involves one etching step
and a simple acetone extraction process is chosen as the best pathway for the large-scale
production of Au36.
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Figure A 6: [Left] MALDI – MS spectra showing the step by step process of Route 3;
[Right] UV-vis spectroscopy showing the step by step process of Route 3. The final product
[green] obtained from Route 3 is compared against a pure Au36(SPh-tBu)24 sample obtained
after SEC purification [Pink]. Au36(SPh-tBu)24 has optical features at 375 nm and 570 nm.

Table A 7: Calculation yield for Au36(TBBT)24 recovered using the optimized pathway.
Yield is calculated by diving the number of moles of Au in Au36(TBBT)24 by the moles of
HAuCl4.3H2O. I.e.: (Au36(TBBT)24 moles*36 / HAuCl4.3H2O moles)

Molar
Mass

Unit

HAuCl4.3H2O

393.8 g/mol

Au36(TBBT)24

11057.4 g/mol

Mass of HAuCl4 used

0.2 g

Moles of HAuCl4
Mass of Au36(TBBT)24
recovered

0.00051 moles

Moles of Au36(TBBT)24
Yield %

5.9E-06 moles
42%

65 mg
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Table A 8: Total energy values of the Au36(SCH3)24 clusters with one-four doping Ag
atoms at different doping sites.

Figure A 9: Atomic structure of Au36 showing the preferred four sites for the
incorporation of silver atoms according to the theoretical analysis. The four gold atoms
attached to the dimeric staples of Au36 has been identified as the low energy sites for the
incorporation of silver.

74

75

